Abstract -In Chile, the most important economic activity is mining, concentrated in the north of the country. This is a desert region with limited water resources; therefore, the mining sector requires research and identification of alternative sources of water. One alternative is seawater, which can be a substitute of the limited fresh water resources in the region. This work determines the influence of seawater on the solid−liquid equilibrium for acid solutions of copper sulfate at different temperatures (293.15 to 318.15 K), and its effect on physical properties (density, viscosity, and solubility). Knowledge of these properties and solubility data are useful in the leaching process and in the design of copper sulfate pentahydrate crystallization plants from the leaching process using seawater by means of the addition of sulfuric acid.
INTRODUCTION
The most important economic activity in Chile is mining. Currently, there is a worldwide shortage of available fresh water. Therefore, mining industries are developing new methods to optimize water use (Torres et al., 2013) . In northern Chile, for example, certain mining companies are using raw seawater in their production processes (Rocha et al., 2013) and purified seawater by reverse osmosis (Philippe et al., 2010) . In a mining process, the solid−liquid equilibrium and physical properties of solutions change upon seawater incorporation, especially the density and viscosity; which are used in pipe-sizing and pumping calculations. These properties are related to the cost of energy required to bring seawater to mining operations, usually farther than 120 km (Hernández et al., 2012) . Copper sulfate pentahydrate (Blue vitriol) is a copper salt with a wide range of commercial applications: in agriculture as a pesticide, fungicide, feed, and soil additive (Milligan and Moyer, 1975) ; in mining, it is used as a floatation reagent in recovery of zinc and lead (De Juan et al., 1999) ; as a blue and green pigment in dyes, as a print toner in photography, in the production of other copper compounds, and in leather tanning (Richardson, 1997) .
Actually, the production process of copper sulfate pentahydrate includes the following steps: 1) Heap leaching, where copper is obtained from oxidized ores using a mixture of sulfuric acid and water; 2) Solvent extraction, where copper is extracted from the leaching solution by mixing with a product called organic; 3) Crystallization, where the copper-loaded organic is discharged using a concentrated acid solution; 4) Re-crystallization, where copper sulfate is Brazilian Journal of Chemical Engineering dissolved in fresh water at a temperature of 80 -90 °C, and then crystallized by cooling to 25 -30 °C, in order to remove the impurities (Tabilo, 2012) .
Copper sulfate in distilled water solutions has been investigated for crystallization, supersaturation, solid-liquid equilibrium, and properties (De Juan et al., 1999; Domic, 2001, and Milligan and Moyer, 1975) . In these studies, crystallization conditions of copper sulfate solutions were determined as a function of both temperature and sulfuric acid concentration. In order to optimize the water use, it is interesting to investigate the influence of seawater on the copper sulfate crystallization process. In the literature, there is a publication available of the behavior of copper sulfate in a seawater system (Hernández et al., 2012) ; this paper provides solubilities and physical properties data of CuSO 4 in seawater at pH 2. The present work studies the effect of seawater (3.5% salinity) on the solid-liquid equilibrium of copper sulfate in acid solutions at different temperatures (from 293.15 K to 318.15 K). This temperature range was chosen because is within the range in which the crystallization process operates. In addition, the physical properties, density, and viscosity of the saturated solution are experimentally measured and correlated with empirical equations, finding a good agreement.
From the results obtained in this investigation, and in order to minimize the use of fresh water, the next step of this work is to perform the copper sulfate crystallization process from leaching solutions using seawater to study the effect of the ions present in seawater on the habit and size of copper sulfate pentahydrate crystals.
MATERIALS AND METHODS

Reagents
Analytical grade reagents were used (copper (II) sulfate pentahydrate, Merck, 99%; absolute sulfuric acid, Merck, 95 to 97%, absolute). The experiments were performed using filtered natural seawater obtained from San Jorge Bay, Antofagasta, Chile. Table 1 shows the composition of the seawater, obtained by chemical analysis, used in this work (Hernández et al., 2012) . 
Apparatus
The solutions were prepared using an analytical balance (Mettler Toledo Co. model AX204, with 0.07 mg precision). To obtain the phase equilibrium data at different temperatures, a rotary thermostatic bath (to ± 0.1 K, 50 rpm) with a capacity of ten 90 mL glass flasks was used. The densities were measured using a Mettler Toledo DE-50 vibrating tube densimeter with ± 5·10 −2 kg·m −3 precision. The kinematic viscosities were obtained using a calibrated micro-Ostwald viscometer with a SchottGerate automatic measuring unit (model AVS 310), equipped with a thermostat (Schott-Gerate, model CT 52) for temperature regulation. The absolute viscosities were calculated by multiplying the kinematic viscosity and the respective density.
Procedures
Equilibrium Time Determination
The equilibrium time was determined at 298.15 K. Acidic seawater was prepared by adding sulfuric acid to seawater and stirring the solution until it reached pH 2; this pH was used because it is similar to the pH levels in copper mining operations. The masses of copper (II) sulfate pentahydrate in the solution (seawater at pH 2) were measured. An excess of copper (II) sulfate pentahydrate was added to ensure saturation of the solution. Several saturated solutions (CuSO 4 + acid seawater) were placed in closed glass flasks and immersed in a rotary water bath at 298.15 K, these solutions were mechanically shaken. Every hour, the rotation was stopped, one flask was removed from the bath and, maintaining the work temperature (298.15 K) and using a syringe filter (to ensure that no copper sulfate pentahydrate solid was present in the solution), the solution density was measured. The equilibrium time was determined when the solutions that were taken at different times (every one hour), reached constant densities.
Measurement of Physical Properties in Different Conditions
After the equilibrium time was determined, ten solutions (CuSO 4 + acid seawater) at different acid concentrations were prepared.
These solutions were stirred in a rotatory water bath for 8 hours (equilibrium time). The rotation was then stopped and the solutions were decanted, maintaining the work temperature. Then, in the thermostatic bath, and using a syringe filter at a slightly elevated temperature (to prevent salt precipitation at lower temperatures), the solutions (without solid) were obtained for each equilibrium point.
Physical properties (density and viscosity) were measured in triplicate for each solution. On the other hand, copper (II) concentration was measured in duplicate by atomic absorption and the CuSO 4 solubility was obtained by stoichiometry.
All measurements of the physical properties and solubilities were performed at four different temperatures: 293.15, 298.15, 308.15, and 318.15 K.
RESULTS AND DISCUSSION
Experimental Results
The solubilities, densities, and viscosities are shown in Table 2 , for the system studied at different temperatures and acid concentrations. Table 2 shows the solubility results, expressed as mass fraction of copper sulfate (wCuSO 4 ) for different acid mass fractions (wH 2 SO 4 ). A significant decrease in solubility was clearly observed with the increase of sulfuric acid in solution; this behavior was observed for all the temperatures. This behavior of the solubility is due to the common ion effect, because copper sulfate and sulfuric acid share the same SO 4 2-ion (Cisternas, 2009 ). Solubility, expressed as a mass fraction, decreases from approximately 0.1684 to 0.0813 at 293.15 K; 0.1763 to 0.0956 at 298.15 K; 0.2020 to 0.1330 at 308.15 K; and 0.2335 to 0.1526 at 318.15 K. These results show that sulfuric acid might be used as an advantageous co-solvent in the crystallization processes design of copper sulfate pentahydrate.
Solubilities
The solubility results of the saturated solution may be correlated with the sulfuric acid composition by the following equation:
where s is the solubility in mass fraction, 2 w represents H 2 SO 4 mass fraction, and A and B are fitting parameters. Table 2 presents the densities and viscosities of the saturated solutions for the copper sulfate + seawater + sulfuric acid system. The values for density and viscosity were correlated as a function of copper sulfate and sulfuric acid composition following Equations (2) The parameter values were obtained by means of the least squares method, for all experimental data, and are shown in Table 3 .The absolute average deviations (AAD) for the fitted parameters are also presented. The results show that these equations fit satisfactorily the density, viscosity, and solubility experimental data.
Physical Properties
The solubility of copper sulfate in acidic seawater with different concentrations of sulfuric acid and physical properties of the saturated solutions, at four different temperatures (293.15, 298.15, 308.15, and 318.15 K) are shown in Figures 1 to 3 , along with correlated data.
It is possible to note that, for all the temperatures, the solubility decreases with increasing acid concentration. Also, the figure shows that solubility levels increased with temperature; this is because, as the solution temperature increases, the average kinetic energy of the molecules that make up the solution also increases. This increase allows the solvent molecules to break apart the solute molecules more effectively that are held together by intermolecular attractions. Figure 2 compares the density of saturated solutions of copper sulfate in acid seawater at four different temperatures (293.15, 298.15, 308.15, and 318.15 K) . As can be seen, there is a slight decrease in the density of the solutions at low acid concentrations. However, at a certain point, it begins to increase. This behavior is better observed at higher temperatures (at low temperatures this decrease is not clear).
This phenomenon could be attributed, at low acid concentrations, to the copper sulfate solubility decrease, and therefore, the density; however, as the acid concentration increases, the solution density begins to increase, due to the high density of the sulfuric acid. Figure 2 shows that the density values increased slightly with temperature. Figure 3 compares the viscosity of saturated solutions of copper sulfate in acid seawater at four different temperatures (293.15, 298.15, 308.15, and 318.15 K) .
It is possible to note that, for all the temperatures, viscosity values decrease with increasing acid concentration. Also, the figure shows that viscosity levels decrease slightly with increasing temperature. This behavior is expected, as observed in the work of Hernández, Hotlos and Price (Hotlos and Jaskula, 1988; Price and Davenport, 1980; Hernández et al., 2012) . These results confirmed the good fit between experimental values for concentrations of the salt and the physical properties of the saturated solutions at four temperature levels, in a broad range of acid concentrations.
On the other hand, looking for a single equation that includes the effect of different temperatures, we used the empirical models proposed in the work of Milligan (Milligan and Moyer, 1975) ; to estimate the density and solubility of the system CuSO 4 -H 2 SO 4 -H 2 O at different temperatures (Equations (4) and (5)). The parameters of these equations were adjusted in acid seawater; for Y 0 , solubility values of CuSO 4 ·5H 2 O in fresh water from the literature (Linke and Seidell, 1965) were utilized.
The proposed equations are shown below:
1 ln
where: 
The parameter values are shown in Table 4 . The absolute average deviations (AAD) for the fitted parameters are also presented. In Figures 4 and 5, the density and solubility values of saturated solutions of copper sulfate in acid seawater at four different temperatures (293.15, 298.15, 308.15, and 318.15 K) , and the correlations with the Equations (4) and (5) can be seen.
The experimental values for density, and solubility in the saturated solutions were correlated adequately using Equations (4) and (5) shown previously.
Also, the comparison between experimental values of solubility for saturated solutions of copper sulfate in seawater, with data of copper sulfate in fresh water presented by Milligan and Moyer (1975) (Milligan and Moyer, 1975 ). (Milligan and Moyer, 1975) . (Milligan and Moyer, 1975) .
It is possible to note that the solubility of copper sulfate pentahydrate in seawater is lower than the solubility of this salt in fresh water. This phenomenon is due to the presence of salts in seawater, which contribute to decrease the solubility of copper sulfate. This is because the water activity of seawater is lower than the water activity of fresh water and therefore the solubility is lower. Furthermore, as mentioned in Table 1 , seawater composition presents 2771 mg·L -1 of SO 4 2-ion, which could be responsible of the decrease in the copper sulfate solubility in this medium, due to the common ion effect. This can be the reason why the average deviation is higher with this equation with respect to the equation proposed in this work.
CONCLUSIONS
With increasing temperature and acid concentration, an increase is observed in the density of the solutions, and there is a slight decrease in the density of the solutions at low acid concentrations.
With increasing acid concentration and temperature, there is a decrease in the solution viscosity.
With increasing acid concentration, there is a decrease in the solubility; on the other hand, when the temperature increases, the solubility increases.
The experimental values for density, viscosity, and solubility in the saturated solutions, were adequately correlated using Equations (1) to (3) proposed in this work, with absolute average deviations for density, viscosity, and solubility of 0. 0005, 0.0056, and, 0.0043, respectively, at 293.15 K; 0.0004, 0.0029 and, 0.0038, respectively, at 298.15 K; 0.0007, 0.0048, and 0.0023, respectively, at 308.15 K; and 0.0007, 0.0055, and 0.0037, respectively, at 318.15 K. The experimental values for density, and solubility in the saturated solutions were correlated adequately using Equations (4) and (5), with absolute average deviations for density, and solubility of 0.0008, and 0.2222, respectively, at 293.15 K; 0.0005, and 0.3287, respectively, at 298.15 K; 0.0011, and 0.2861, respectively, at 308.15 K; and 0.0014, and 0.4501, respectively, at 318.15 K.
The solubility of copper sulfate pentahydrate in seawater is lower than the solubility in fresh water due to the presence of salts in seawater, which contribute to decrease the solubility of copper sulfate.
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